In mammals, sex development is genetically and hormonally regulated. The process starts with the establishment of chromosomal structures (XY or XX), followed by the expression of sex-dependent genes. In order to elucidate the differential protein profiles between male and female amniocytes, a proteomic approach has been performed in this study. Here, we utilized a proteomics-based approach including 2D-DIGE and MALDI-TOF MS analysis to obtain differentially expressed proteins between male and female amniocytes. After resolving protein samples with 2D-DIGE technique, 45 proteins corresponding to 28 unique proteins were differentially expressed between male and female amninocytes from three independent batches of amniotic fluid. Of all of these unique identified spots, five of them (annexin A1, cathepsin D, cytoskeletal 19, protein disulfide-isomerase, and vimentin) exhibited more than 1.5-fold upregulation or downregulation in at least two independent experiments. Importantly, the identified proteins involved in protein degradation and protein folding display upregulated in male amniocytes, implying the differential regulations of protein degradation and protein folding during sex development. In conclusion, the identified differentially expressed proteins may be employed as potential signatures for the sex development. Moreover, the established proteomic platform might further utilize to discover the potential biomarkers for the prenatal genetic disorders in fetus.
Introduction

I
n mammals, sex development is genetically and hormonally regulated. The process starts with the establishment of chromosomal structures (XY or XX), followed by the expression of sex-dependent genes and the formation of either a testis in male or an ovary in female (DiNapoli and Capel, 2008) . Male sex differentiation and male secondary sex characteristics are then controlled by three testis secreted hormones: Mü llerian inhibiting substance, testosterone, and insulin-like factor 3 (Polanco and Koopman, 2007) . In the lack of these critical testicular hormones, female sex differentiation arises. This sequential process of mammalian sex determination and development is also known as the Jost paradigm (Blecher and Erickson, 2007) . Two-dimensional gel electrophoresis (2-DE) and MALDI-TOF MS has been widely used for profiling plasma proteins, and some of the nonionic and zwitterionic detergents such as thiourea and CHAPS have been introduced to increase the solubility of the hydrophobic proteins. In addition, a significant improvement of gel-based analysis of protein quantifications and detections is the introduction of 2D-DIGE. 2D-DIGE is able to codetect numerous samples in the same 2-DE to minimize gel-to-gel variation and compare the protein features across different gels by means of an internal fluorescent standard. This innovative technology relies on the prelabeling of protein samples before electrophoresis with fluorescent dyes Cy2, Cy3, and Cy5 each exhibiting a distinct fluorescent wavelength to allow multiple experimental samples to include an internal standard. Thus, the samples can be simultaneously separated in one gel. The internal standard, which is a pool of an equal amount of the experimental protein samples, can facilitate the data accuracy in normalization and increase statistical confidence in relative quantitation across gels (Chen et al., 2011; Chou et al., 2010; Huang et al., 2010; Lai et al., 2010; Marouga et al., 2005; Timms and Cramer, 2008; Westermeier and Scheibe, 2008) .
With the initiation of advanced analytical tools over the past few years, such as transgenic techniques, microarraybased gene profiling, and proteomics, the field of mammalian sex determination has made a remarkable progress in the understanding of the genetics and multifaceted molecular mechanisms that regulate this essential biological event. Here, we utilized a proteomics-based approach including 2D-DIGE and MALDI-TOF MS analysis to obtain a panel of proteins found to be differentially expressed between male amniocytes and female amniocytes. The identified differentially expressed proteins may be employed as potential signatures for the sex development. In addition, the established proteomic platform might further utilize to discover the potential biomarkers for the prenatal genetic disorders in fetus.
Materials and Methods
Chemicals and reagents
Generic chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA), whereas reagents for 2D-DIGE were purchased from GE Healthcare (Uppsala, Sweden). All primary antibodies were purchased from Abcam (Cambridge, UK) and antimouse, antigoat, and antirabbit secondary antibodies were purchased from GE Healthcare. All the chemicals and biochemicals used in this study were of analytical grade.
Fetal cells collection and purification
Amniotic fluid samples were obtained by amniocentesis from pregnant women (16-18th week of gestation), ranging from 30 to 40 years of age with no genetics disorder under cytogenetic analysis, after written informed consent and ethics board approval. In each independent experiment, 15 samples from pregnancies with male fetuses and 15 samples from pregnancies with female fetuses were collected. Amniotic fluid samples were pooled and centrifuged to isolate amniocytes for cell lysis with 2-DE lysis buffer containing CHAPS (4%, w/v), urea (7 M), thiourea (2 M), Tris-HCl (pH 8.3, 10 mM), EDTA (1 mM). The lysed samples were precipitated by adding 1 volume of TCA (100%, -20°C) to 4 volumes of sample and incubated for 10 min at 4°C. The precipitated protein was then recovered by centrifugation at 13,000 rpm for 10 min, and the resulting pellet was washed twice with icecold acetone. Air-dried pellets were resuspended in 2-DE lysis buffer.
Sample preparation for 2D-DIGE and gel image analysis
The protein sample concentrations were determined using Coomassie Protein Assay Reagent (BioRad, Hercules, CA, USA). Before performing 2D-DIGE, protein samples were labeled with N-hydroxy succinimidyl ester-derivatives of the cyanine dyes Cy3 and Cy5 following the protocol described previously (Chan et al., 2005; Gharbi et al., 2002) . Briefly, 100 lg of protein sample was minimally labeled with 250 pmol of either Cy3 or Cy5 for comparison on the same 2-DE. The labeling reactions were performed in the dark on ice for 30 min and then quenched with a 20-fold molar ratio excess of free L-lysine to dye for 10 min. The differentially Cy3-and Cy5-labeled samples were then reduced with dithiothreitol for 10 min. IPG buffer, pH3-10 nonlinear [2% (v/ v), GE Healthcare] was added and the final volume was adjusted to 450 lL with 2D-lysis buffer for rehydration. The rehydration process was performed with immobilized nonlinear pH gradient (IPG) strips (pH3-10, 24 cm), which were later rehydrated by CyDye-labeled samples in the dark at room temperature overnight (at least 12 h). Isoelectric focusing was then performed using a Multiphor II apparatus (GE Healthcare) for a total of 62.5 kV-h at 20°C. Strips were equilibrated in urea (6 M), glycerol (30%, v/v), SDS (1%, w/ v), Tris-HCl (pH8.8, 100 mM), dithiothreitol (65 mM) for 15 min and then in the same buffer containing iodoacetamide (240 mM) for another 15 min. The equilibrated IPG strips were transferred onto 26 · 20-cm 12.5% polyacrylamide gels casted between low fluorescent glass plates. The strips were overlaid with low melting point agarose (0.5%, w/v) in a running buffer containing bromophenol blue. The gels were run in an Ettan Twelve gel tank (GE Healthcare) at 4 Watt per gel at 10°C until the dye front had completely run off the bottom of the gels. Afterward, the fluorescence 2-DE were scanned directly between the low fluorescent glass plates using an Ettan DIGE Imager (GE Healthcare). This imager is a charge-coupled device-based instrument that enables scanning at different wavelengths for Cy3-, and Cy5-labeled samples. Gel analysis was performed using DeCyder 2-D Differential Analysis Software v7.0 (GE Healthcare) to codetect, normalize and quantify the protein features in the images. Features detected from nonprotein sources (e.g., dust particles and dirty backgrounds) were filtered out. Spots displaying a ‡ 1.5 fold increase or decrease in abundance were selected for protein identification.
Protein staining
Colloidal coomassie blue G-250 staining was used to visualize CyDye-labeled protein features in 2-DE. Bonded gels were fixed in ethanol (30%, v/v), phosphoric acid (2%, v/v) overnight, washed three times (30 min each) with ddH 2 O and then incubated in methanol (34%, v/v), ammonium sulhate (17%, w/v), phosphoric acid (3%, v/v) for 1 h, prior to adding coomassie blue G-250 (0.5 g/liter). The gels were then left to stain for 5-7 days. No destaining step was required. The stained gels were then imaged on an ImageScanner III densitometer (GE Healthcare), which processed the gel images as .tif files.
In-gel digestion
Excised poststained gel pieces were washed three times in acetonitrile (50%), dried in a SpeedVac for 20 min, reduced with dithiothreitol (10 mM) in ammonium bicarbonate (pH 8.0, 5 mM) for 45 min at 50°C, and then alkylated with iodoacetamide (50 mM) in Ammonium bicarbonate (5 mM) for 1 h at room temperature in the dark. The gel pieces were then washed three times in acetonitrile (50%) and vacuum-dried before reswelling with 50 ng of modified trypsin (Promega, Madison, WI, USA) in Ammonium bicarbonate (5 mM). The pieces were then overlaid with 10 lL of Ammonium bicarbonate (5 mM) and trypsinized for 16 h at 37°C. Supernatants were collected, peptides were further extracted twice with trifluoroacetic acid (5%) in acetonitrile (50%), and the supernatants were pooled. Peptide extracts were vacuum dried, resuspended in 5 lL ddH 2 O, and stored at -20°C prior to MS analysis.
Protein identification by MALDI-TOF MS
Extracted proteins were cleaved with a proteolytic enzyme to generate peptides, then a peptide mass fingerprinting (PMF) database search following MALDI-TOF MS analysis was employed for protein identification. Briefly, 0.5 lL of tryptic digested protein sample was first mixed with 0.5 lL of a matrix solution containing a-cyano-4-hydroxycinammic acid at a concentration of 1 mg in 1 mL of acetonitrile/trifluoroacetic acid (50%/0.1%, v/v), spotted onto an anchorchip target plate (Bruker Daltonics, Fremont, CA, USA) and dried. The peptide mass fingerprints were acquired using an Autoflex III mass were labeled with Cy3/Cy5 and separated using 24 cm, pH 3-10 nonlinear IPG strips. 2D-DIGE images of the protein samples from male fetal cells and female fetal cells at appropriate excitation and emission wavelengths were shown and the identified differentially expressed protein spots listed in Table 1 were labeled with their spot number.
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spectrometer (Bruker Daltonics) in reflector mode. The algorithm used for spectrum annotation was SNAP (Sophisticated Numerical Annotation Procedure). This process used the following detailed metrics: peak detection algorithm: SNAP; signal-to-noise threshold: 25; relative intensity threshold: 0%; minimum intensity threshold: 0; maximal number of peaks: 50; quality factor threshold: 1000; SNAP average composition: averaging; baseline subtraction: median; flatness: 0.8; median level: 0.5. The spectrometer was also calibrated with a peptide calibration standard (Bruker Daltonics) and internal calibration was performed using trypsin autolysis peaks at m/z 842.51 and m/z 2,211.10. Peaks in the mass range of m/z 800-3,000 were used to generate a peptide mass fingerprint that was searched against the Swiss-Prot/TrEMBL database (v2010_09) with 11636205 entries using Mascot software v2.3.01 (Matrix Science, London, UK). The following parameters were used for the search: Homo sapiens; tryptic digest with a maximum of one missed cleavage; carbamidomethylation of cysteine, partial protein N-terminal acetylation, partial methionine oxidation and partial modification of glutamine to pyroglutamate and a mass tolerance of 50 ppm. Identification was accepted based on significant MASCOT Mowse scores ( p < 0.05), spectrum annotation, and observed versus expected molecular weight and pI on 2-DE.
FIG. 2. Representative peptide mass finger printing of identified proteins (A) cytoskeletal 19 and (B) annexin A1.
Immunoblotting
Immunoblotting was used to validate the differential expression of mass spectrometry identified proteins. Aliquots of 20 lg of proteins were diluted in Laemmli sample buffer [final concentrations: Tris (pH 6.8, 50 mM) glycerol (10%, v/v), SDS (2%, w/v), bromophenol blue (0.01%, w/v)] and separated by 1D-SDS-PAGE following standard procedures. After electroblotting separated proteins onto 0.45 lm Immobilon P membranes (Millipore, Bedford, MA, USA), the membranes were blocked with 5% w/v skim milk in TBST [Tris (pH 8.0, 50 mM), NaCl (150 mM) and v/v) ] for 1 h. Membranes were then incubated in primary antibody solution in TBS-T containing sodium azide (0.02%, w/v) for 2 h. Membranes were washed in TBS-T (3 · 10 min) and then probed with the appropriate horseradish peroxidase-coupled secondary antibody (GE Healthcare). After further washing in TBS-T, immunoprobed proteins were visualized using an enhanced chemiluminescence method (Visual Protein Co., UK).
Results
2D-DIGE and MALDI-TOF MS analysis of the male and female fetal cell proteome
Amniotic fluid samples were obtained by amniocentesis from pregnant women with no genetics disorder under cytogenetic analysis. In each of three independent experiments, 15 samples from pregnancies with male fetuses and 15 samples from pregnancies with female fetuses were collected. Amniotic fluid samples were pooled and centrifuged to isolate amniocytes for proteomic analysis. The isolated amniocytes were lysed with 2-DE lysis buffer, precipitated with TCA/acetone followed by resuspended in 2-DE lysis buffer for protein quantification. In order to study the alteration of proteomes in male and female amniocytes, comparative proteomics analysis was performed by 2D-DIGE. The 2-DE images of the three independent samples of male and female groups were minimally labeled with Cy3 and Cy5 dyes and distributed to each gel. The samples arrangement for a triplicate 2D-DIGE experiment is shown in Figure 1A . Thus, the triplicate samples resolved in different gels can be quantitatively analyzed on multiple 2-DE. After resolving protein samples with 2D-DIGE technique, the DeCyder image analysis software indicated that more than 1,500 protein features were showing greater than 1.5-fold change in expression level across three independent experiments. MALDI-TOF MS identification revealed that 45 proteins corresponding to 28 unique proteins were differentially expressed and identified (Fig. 1B, Fig. 2 , Table 1 , and Supplementary Fig. 1 ). Most of these identified proteins belong to cytoplasm proteins (56%), plasma membrane (9%), and ER proteins (9%), and these proteins are found to be involved in cytoskeleton (27%), signal transduction (23%), and protein folding (8%) (Fig. 3) . Of all of these unique identified spots, five of them (annexin A1, cathepsin D, cytoskeletal 19, protein disulfide-isomerase, and Vimentin) exhibited more than 1.5-fold upregulation or downregulation in at least two independent experiments.
Representative examples for the evaluation by DeCyder analysis of alterations in spot intensity are displayed in Figure  4 and Supplementary Figure 2 . To display visually alterations in corresponding spot intensity proportions, selected identified spots are shown as 3D images as well as their spot locations in the 2D maps (Fig. 4 and Supplementary Fig. 2 ).
Validation by immunoblotting
To verify the identities of proteins deduced from the results of 2D-DIGE and MALDI-TOF MS, the expression levels of identified PDI, cathepsin D, and tubulin beta were investigated by immunoblotting (Fig. 5) . As is shown in Figure 5 , the 58 kDa of PDI was significant increased in the male amninocytes in comparison with female ones. The expression levels of cathepsin D (a 45-kDa protein) and tubulin beta (a 50-kDa protein) were also increased in male amninocytes. These immunoblotting results are completely consistent with the data from the 2D-DIGE and MALDI-TOF MS, and further suggest their roles in the sex-development.
Discussion
In humans, sex determination is taking place at the stage of fertilization and further regulated by genetic and hormonal processes. At approximately 6-7 weeks of human gestation, the formation of either a testis in male or an ovary in female is occurred (DiNapoli and Capel, 2008) . Male sex differentiation and male secondary sex characteristics are controlled by testis secreted hormones. In the lack of these critical testicular hormones, female sex differentiation takes place. Currently, some sex determination genes have been identified including SRY, SOX9, SF1, DAX1, WNT4, WT1, DMRT1, DHH, RSPO1, and ATRX (Pleskacova et al., 2009 ). Most of these sex-related studies were based on gene transcriptional level such as the expressional changes of mRNA (Nordqvist and Tohonen, 1997) , cDNA library (Wertz and Herrmann, 2000) , suppression subtractive hybridization (Menke and Page, 2002) and microarray (Verma-Kurvari et al., 2005) . Few studies were directly using proteomics to investigate the translation level of proteins. Recently, Ewen et al. (2009) were using LC-based proteomic analysis to investigate protein expression during gonadal sex determination in mice. The result indicated that potential novel regulators of gonad development and sex determination not revealed previously by transcriptomics and proteomics studies were identified including more than 60 proteins with potential relationship to human disorders of sexual development.
In this study, we utilized a proteomics-based approach including 2D-DIGE and MALDI-TOF MS analysis to obtain differentially expressed proteins between male amniocytes and female amniocytes. The strategy used in this study allowed the assessment of 29 proteins differentially expressed in between male amniocytes and female amniocytes. Five of them (annexin A1, cathepsin D, cytoskeletal 19, protein disulfide-isomerase, and Vimentin) were exhibited more than 1.5-fold upregulation or downregulation in at least two independent experiments, in which cathepsin D and protein disulfide-isomerase were shown to be upregulated in male amniocytes. In contrast, annexin A1, cytoskeletal 19, and Vimentin were shown to be upregulated in female amniocytes. Database search showed that genes encoding for these proteins are located on chromosomes other than Y chromosome and their expression is possibly due to the trans-activation of transcription factors located specifically on chromosome Y or on chromosome X.
Pelliniemi and Kim's sex determination study revealed that cytokeratin 19 mRNA was disappearance at the age of 14.5 days and cytokeratin 19 protein was significant downregulation by the age of 19 days during the differentiation of Identified proteins that display a S1.5-fold increase or decrease in abundance and show reproducible in at least two independent experiments are shaded gray.
sertoli cells in the rat testis, but not in the ovary, suggesting that this protein is closely related to epithelial structural differentiation (Loffler et al., 2000; Pelliniemi and Frojdman, 2001 ). This result was also reproduced in our amniocyte studies, which showed a downregulation of cytokeratin 19 in male amniocytes in comparison with female amniocytes suggesting cytokeratin 19 with an important role in sex determination. Vimentin is one of the mesenchymal markers during tumor epithelial-mesenchymal transition. Like cytokeratin 19, vimentin is a member of intermediate filament proteins and are both recognized as tumor cell markers and metastasis markers (Buccheri et al., 2003; Leader et al., 1987; Lin et al., 2002; Porcel et al., 2004) . This implies part of tumorigenic and sex determination processes might share similar mechanisms and protein expression. Cathepsin D, a lysosomal aspartic protease, is overexpressed in estrogen receptor positive breast cancer cells and is generally a prognostic marker for some cancers (Rochefort, 1999) . Additionally, cathepsin D gene expression was reported to be regulated differently by sex steroid hormones in endometrial and breast cancer cell lines (Touitou et al., 1989) . Our finding indicates that cathepsin D is upregulated in male amniocytes rather than in female amniocytes, suggesting cathepsin D might be differentially regulated by sex steroid hormones in fetal cells. Annexin A1 belongs to the annexin family of Ca 2 + -dependent phospholipid-binding proteins. In previous studies, treatment of MCF-7 breast cancer cells with high concentration of estrogen leads to an upregulation of annexin A1. Silencing of annexin A1 with specific siRNA inhibited the estrogen-dependent proliferation. Thus, annexin A1 may mediate the signaling pathways of estrogen receptor and directly modulate the proliferative functions of estrogens (Ang et al., 2009) . Another report indicated female hormone 17beta-estradiol is able to 
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stimulate annexin A1 expression (Davies et al., 2007) . Our finding demonstrated annexin A1 is upregulated in female amniocytes suggesting the increase of the protein level is possibly contributed by estrogen, estrogen receptors, and female hormones. Notably, the identified proteins involved in protein degradation and protein folding display upregulated in male amniocytes implying the differential regulations of protein degradation and protein folding during sex development (Fig. 6 ).
In conclusion, our proteomics analysis of male and female amniocytes is the first report for this field and provides a valuable impact for sex-development research. The 2D-DIGE and MALDI-TOF MS have been applied as powerful approaches for the proteomic analysis of human diseases. However, this proteomic strategy is never applied in the field of sex-dependent protein expression in amniocytes. In this study, we developed a proteomics strategy and found some specific protein signatures for male and female amniocytes. Even though the overall reproducibility of the proteomic results were not high due to the variations from independent batches of samples, our results indicate that calcium-dependent signaling protein (such as annexin A1), proteolytic enzyme (such as cathepsin D), cytoskeleton protein (such as cytokeratin 19 and vimentin), and folding-assistant protein (such as protein disulfide-isomerase) confidently showed a sex-dependent differential expression and might play important roles in sex development. Furthermore, the established proteomic platform might further utilize to discover the potential biomarkers for the prenatal genetic disorders in the fetus.
Conclusion
In this study, we utilized a proteomics-based approach to obtain differentially expressed proteins between male and Table 1. female amniocytes. The identified proteins involved in protein degradation and protein folding display upregulated in male amniocytes implying the differential regulations of protein degradation and protein folding during sex development. Furthermore, the established proteomic platform might further utilize to discover the potential biomarkers for the prenatal genetic disorders in the fetus.
